Abstract. The discovery of graphene stimulated an intensive search for its analogs and derivatives. One of the most interesting derivatives is hydrographene called graphane. Calculations indicate that bulk graphane is thermodynamically more favorable than all CH hydrocarbons including benzene. At the same time, pressureinduced polymerization of hydrocarbons and their derivatives at room temperature leads to the formation of amorphous products or poorly ordered one-dimensional products such as polyacetylene and benzene-derived carbon nanothreads.
Introduction
The discovery of graphene [1] stimulated an intensive theoretical and experimental search for chemically modified carbon sheets [2] . Attention is primarily focused on the possibility of the synthesis of graphane, i.e., a fully saturated CH sheet, fourcoordinated at C [3, 4, 5] . This material was obtained at the nanometer scale, but both the synthesis and identification are still problematic. In addition to the interest in quasitwo-dimensional graphane, researchers focused attention on the potential possibility of the synthesis of three-dimensional multilayer graphane crystals [6, 7, 8, 9, 10, 11] . It was predicted that bulk graphane is thermodynamically much more stable than benzene, which is considered in classical chemistry as the most stable C-H hydrocarbon [6, 10, 11, 9] . Bulk graphanes and their doped derivatives can be used for hydrogen storage, as new promising magnetic, superconducting, and optical materials [12, 10, 11] .
One of the approaches to the synthesis of graphanes is the hydrogenation of graphenes and other nanostructured carbon materials [13, 14, 15] . In most cases, amorphous materials with the hydrogen content lower than the necessary value were obtained. An alternative method for obtaining graphanes involves initial hydrocarbons with initially correct C-H stoichiometry (acetylene, styrene, benzene), because calculations indicate that all these hydrocarbons are less stables than graphanes. The polymerization of such materials at moderate pressures results in the formation of quasi-one-dimensional polymer structures with a low degree of crystallization because of hindered kinetics and steric constraints [16] . At high pressures, the polymerization of acetylene is very intense even at room temperature [17] . The properties of benzene and its derivative, pyridine C 5 H 5 N, at high pressures were studied in [18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28] . Most studies are in situ Raman and structural investigations. At pressures above 20-30 GPa at room temperature and at lower pressures at a higher temperature, benzene undergoes irreversible polymerization with the formation of amorphous modifications [18, 19, 20, 21, 22, 23, 24, 25] . Pyridine, which is an analog of benzene, exhibits a similar behavior [25, 26, 27] as well as other derivatives of benzene like furan [29] and thiophene [30] . It has recently been shown that an increase in the highpressure treatment time provides partially ordered quasi-one-dimensional nanothreads immersed into amorphous matrix [31] .
In this work, to simplify the kinetics of crystallization of polymers formed from benzene and pyridine, we used the processing of molecular materials at high pressures (6-10 GPa) and high temperatures (700-1200 K). Attention is primarily focused on the synthesis and investigation of samples obtained by the thermobaric treatment of benzene.
Methods.
We used benzene (purity 99.5%), deuterated benzene (purity 95%), pyridine (purity 99.0%), ferrocene (purity 99.5%), and butyllithium (purity 95%) as the initial substances.
The experiments were performed at calibrated CONAC-28 apparatuses at high pressures up to 8 GPa and CONAC-15 apparatuses at pressures up to 10 GPa. The initial liquids were filled into hermetic copper or platinum capsules in an argon box. Heating was ensured by a current flowing through an external graphite heater isolated from capsules. The heating and cooling rate was 10 K min −1 . The aging time at the maximum temperature was 1 h. Samples 5 mm in diameter and 3.5 mm in height (50-70 mg) were synthesized at pressures of 6-8 GPa and temperatures of 700-1200 K; samples 2 mm both in diameter and in height (10-15 mg) were obtained at pressures of 8-10 GPa).
The elemental C, H (by the combustion method) analysis of the synthesized samples was conducted with the use of an Elementar CHNS/O Vario Micro cube analyzer.
The macroscopic density of the samples was measured by the sinking method. The refractive index was measured by the immersion technique.
An AXS (Bruker) powder diffractometer with a two-dimensional detector ( Cu K α radiation, Si monochromator, transmission mode) was used for the phase analysis of the samples.
For transmission electron microscopy studies, small amounts of powders were grinded in ethanol. The resulting suspension was deposited on a copper grid covered by a perforated carbon film. Electron diffraction and X-ray spectra were obtained from fragments of crystals in a JEOL JEM-2100 microscope (accelerating voltage 200 kV, resolution on the grating 0.14 nm) with an EDX analyzer.
Infrared spectra were recorded using a Perkin Elmer Spectrum 100 Fourier spectrometer equipped with UATR in the range from 675 to 4000 cm −1 . Transmission spectra were collected in the spectral range 190-1100 nm with the resolution 2 nm using Specord 250 Analytik Jena spectrometer. Measurements were carried out on the powder of the compound is placed in a quartz cuvette with an ethanol millimeter thickness. The absorption egde of ethanol is 6.5 eV. The transmission spectra of the sample divided by the cell with the alcohol spectrum (black curves). During the measurement of the sample particles gradually settled to the bottom of the cell, so the 3 sets was measured. Thus, numbers 1, 2 and 3 indicate the ordinal number of measurement (1 -minimum sediment, 3 -sediment maximum). The sample is not completely settled until the end of the last measurement.
The high-temperature stability of polymerized benzene and pyridine at normal pressure was studied in the atmosphere of pure argon (99.997%) using a Netzsch STA 409 PC Luxx simultaneous thermal analyzer connected with a QMS 403C Aölos quadrupole mass spectrometer. The temperature of the sample was increased up to 1170 K with a heating rate of 10 K min −1 . All emitted gases and vapors were transported from the sample area to the ion source of the mass spectrometer for analysis.
The hardness was measured by the Vickers method with the 1N load. The elastic properties were studied by measuring the longitudinal and transverse velocities of 10-MHz ultrasound passing through a plane-parallel sample at an original setup [32] . 
Results and discussion.
The high-pressure high-temperature treatment of benzene, pyridine, and their solutions was performed in hermetic copper or platinum capsules with the use of CONAC apparatuses. Samples synthesized at pressures above 7 GPa and temperatures of 900-1000 K had the yellow-orange color (Fig. 1 ), but samples obtained at lower pressures were almost colorless. All samples were dielectric and their thin layers were transparent.
We performed about 50 experiments on the synthesis of samples; the results were used to plot the phase diagram of transformations (Fig. 2 a) . It is seen that the reduction of the synthesis pressure is accompanied by the narrowing of the temperature range in which polymer phases can be obtained, and benzene under heating at pressures below 6 GPa loses hydrogen without an intermediate polymerization phase. Samples with a high degree of crystallization can be obtained from benzene only at pressures above 8 GPa in the temperature range of 930-1000 K. The (P,T) regions of transformation of benzene to the amorphous and crystalline phases established in this work are in satisfactorily agreement with the data obtained in situ in diamond anvil cells and reported in [20, 21, 24] . Bright orange samples with a high degree of crystallization that were obtained in our work at maximum pressures were possibly marked in [20] as "polymer1" and colorless amorphous phases that we obtained at pressures of 6-7.5 GPa, as "polymer2". Polymerized, partially crystallized pyridine-based phases at these pressures can be obtained in a temperature range of 750-800 K. A lower polymerization temperature of pyridine as compared to benzene correlates with lower polymerization pressures of pyridine at room temperature [26, 27] .
The X-ray diffraction study showed that samples obtained from benzene and pyridine at temperatures below 1000 and 800 K, respectively, had an amorphous or amorphous-crystalline structure with different degrees of crystallization depending on the aging time and (P,T) conditions (Fig. 2 b) . The elemental analysis shows that the initial stoichiometry in all these samples held with an accuracy of 2-3%. Thus, it can be assumed that solid modifications obtained are polymerized phases based on benzene and pyridine. At higher treatment temperatures under pressure, samples lost hydrogen (hydrogen and nitrogen in the case of pyridine) and were transformed to an amorphous or nanocrystalline graphite-like material.
The transmission electron microscopy study of polymer modifications really indicates that samples is an amorphous matrix with a noticeable fraction of crystalline inclusions with a relatively large size of 2-4 nm (Fig. 3) . In addition to well-crystallized regions ( Fig. 3 b) -c)), there are both regions at the initial crystallization ordering stage ( Fig. 3 a) ) and rare quasi-one-dimensional inclusions similar to nanothreads obtained in [31] (Fig. 3 d) .
The density of amorphous modifications obtained in this work was 1.35-1.4 g cm −3 , whereas the density of the partially crystallized samples was 1.5-1.57 g cm −3 . The refractive index for partially crystallized samples was in the range of 1.78-1.80. It is noteworthy that amorphous benzene-based polymers obtained in the previous works had a density of 1.4 g cm −3 and a refractive index of 1.75-1.76; both these quantities were determined with a large error [18, 19, 25] .
Infrared spectra were studied for several samples with different degrees of crystallization, two such spectra for samples 34 and 37 obtained by the polymerization of C 6 H 6 and C 6 D 6 respectively are shown in Fig. 4 .
The main absorption band, which is due to the valence vibrations of C-H bonds, consists of several peaks. The main peaks of this absorption band for sample 34 are in a wavenumber range 2800-3000 cm −1 and, consequently, belong to vibrations of aliphatic bonds or sp 3 CH x bonds, where 1 ≤ x ≤ 3. According to [33] , five such vibrations are and + -nanographite phases obtained from benzene and pyridine respectively, • -polymeric benzene phases (yellow -"soft" low density and red -"hard" high-density ones), × -polymeric pyridine phases, ♦ -benzene phases recovered in liquid form after pressure release. Lines stand for approximate transitions borders. b)-raw XRD patterns taken from different samples synthesized at different P-T conditions. Numbers beside curves and their colors correspond to points in panel a): 8 -graphitic sample, 31 -polymeric pyridine, 43 -partially crystallized graphane, 19 -amorphous hydrocarbon phase. possible. The description of the absorption band by five Lorentzian curves is shown in Fig. 4 b.
The next strong absorption band that is present in both spectra is a narrow band with a maximum at 1732 cm −1 , which is attributed to vibrations of C=O bonds. Among other absorption bands in the spectra, the one at 1463 cm −1 (marked by asterisk on spectrum 1 in Fig. 4) is certainly attributed to the deformation vibrations of C-H bonds in CH 2 and/or CH 3 groups, because the substitution of deuterium for hydrogen leads to disappearance of this band and to increase of the band at 1107 cm −1 (marked by asterisk on spectrum 2 in Fig. 4) caused by deformation vibrations of CD 2 and/or CD 3 1000 1500 2000 2500 3000 3500
Wave number, cm Symbols stand for experimental points, solid lines -fitting by sum of lorentzians (see Table. 1 for peaks parameters and their attribution). A weak absorption band which appears in the spectral range 2700-3000 cm −1 for deuterized sample 37 is possibly due to contamination by aromatic hydrocarbons in the process of sample preparation and/or measurement. groups.
Finally, a wide absorption band in the range of 3200-3600 cm −1 is due to the valence vibrations of O-H bonds. The main contribution to its intensity comes from water molecules adsorbed on the surface of particles of the materials under study. The presence of the water absorption band in spectra means that the samples are hydrophilic in contrast to initial benzene, graphite or, e.g., polyethylene.
Thus, the main hydrogen group in sample 34 is the CH group (as in graphane), but the fraction of CH 2 and CH 3 groups is also noticeable. Since the elemental analysis indicates that the C:H ratio in sample 34 is close to unity, the sample contains some carbon atoms that are not connected to hydrogen atoms. These atoms in the sample under study can be the atoms of carbonyl groups. The appearance of multiple carboncarbon bonds or diamond-like fragments can also be expected.
The manifestation of C-D bonds and multiple carbon-carbon bonds is also present in the absorption band of valence vibrations of C-D bonds in sample 37 (Fig. 4 c) . This absorption band is fairly wide and poorly structured, so two Lorentzian curves are sufficient to describe it. The center of curve 1 is between the sp 3 CD 2 and sp 2 CD peaks, according to attribution made in [33] . At the same time, the center of the most intense curve 2 is at the intermediate position between aliphatic and aromatic sp 2 CD peaks. Thus, sample 37 contains a noticeable fraction of aromatic bonds comparable to that present in poorly crystallized C-H samples obtained at lower pressures or temperatures. It is remarkable that the infrared spectra of amorphous polymers obtained earlier under compression at room temperature [18, 19] have a wide unstructured absorption band in the range of 2900-3100 cm −1 , which indicates a large fraction of aromatic bonds and a low structural ordering of these materials.
Thus, the main hydrogen groups in samples with a high degree of crystallization are C-H(D) groups connected by aliphatic bonds.
Several possible basic types of graphanes and combinations based on them were considered[6, 7, 8, 34, 10, 11]. For samples with a high degree of crystallization, X-ray diffraction data were analyzed. After the removal of an amorphous halo from powder X-ray diffraction patterns, a quite clear crystal diffraction pattern is recovered (Fig. 5) . Though it still has quite large full width at half maxima parameters (which is obviously caused by poor crystallization) and cannot be treated by direct crystal structure determination methods, it still enables one to make some guesses about the structure of this material taking into account results (bond lengths and possible interplanar distances) obtained in the previous density functional theory calculations [6, 7, 8, 34, 10, 11] .
The main diffraction peak in this picture (d = 4.75-4.9Å) is due to the interplanar distance between hydrocarbon sheets and it almost coincides with the previously predicted distances. Its position depends on the synthesis conditions: shorter interplanar distances appear at higher pressures and temperatures. In view of the purely van der Waals interaction between hydrocarbon sheets, the inclusion of these sheets into the amorphous but totally covalently bonded hydrocarbon network formed under the same high-pressure conditions can exert a strain large enough to produce such variation of this length.
Beside that the main peak in Fig. 5 has several left and right satellites, which are obviously caused by the strong corrugation of the hydrocarbon sheet. Four basic types of graphane sheets (A, B, C, and D according to nomenclature from [6] ) are flat enough; consequently, the first satellite at higher angles even in the most corrugated sheet D would occur only at angles about 27
• , which corresponds to the typical in-plane distance between undulations of about 3.2Å. Moreover, theoretical considerations predict the absence of any peaks below 18.5
• (this implies that an interplanar distance of 4.8Å is the largest interatomic length in this structural model). Both statements obviously contradict experimental observations.
To overcome these challenges, we propose a structural model (Fig. 6 ), which despite its simplicity catches the most spectacular features of the experimentally observed diffraction pattern. It is very similar to tricycle graphane proposed earlier [34] , but it also includes additional defects produced by lonsdaleite-type bonds. It can be regarded as patches of graphane A stitched together in two directions by B-type graphane strips and lonsdaleite (C-or D-type) strips. The respective periodicity of B-and lonsdaleitetype defects suggests the name (3-cycle-4-step) graphane for this graphane sheet, so original tricycle graphane (without any lonsdaleite bonds) would be 3-cycle-1-step. The symmetry of the crystal structure with one such a sheet in the unit cell is P bcm with a = 4.8Å, b = 9.2Å, and c = 17.2Å. However, the real structure includes another type of defects, namely, stacking faults, caused by the alternative shift of neighboring hydrocarbon sheets about one half of the C-C distance (0.78Å) along the c axis, reducing the steric interaction between hydrogen atoms. This implies the doubling of the period along the a axis (a = 9.6Å) accompanied by a change in symmetry to the space group P bca.
Hypothetically, one can propose similar structures with a varying number of steps and cycles. Although the introduction of lonsdaleite bonds into the carbon structure generally increases its internal energy, this energy penalty in comparison to diamond bonds is no more than about 10 meV per bond. However the diamond and lonsdaleitetype bonds in this family of graphane sheets are arranged in such a way that they do not produce any additional strain in the crystal lattice. It should be noted that previous theoretical consideration [6] predicted that pure B-and C-type (lonsdaleite-like) graphane sheets should be thermodynamically stable at pressures about 10 and 20 GPa, respectively. Therefore, under the synthesis conditions used in our experiments (pressures around 10 GPa), it can be conjectured that B-type "fractures" of A-type graphene sheets formed as thermodynamically stable at highpressure conditions can be readily recovered in ambient pressure in a metastable form. On the other hand, we suppose that the orientation of a C-H bond relative to the C-C bonded graphane sheet provides an energy barrier high enough to "freeze" kinetically produced lonsdaleite-type bonds (so to say "accidentally" obtained under synthesis conditions in the process of growth of graphane sheets) in an even more energetically unfavorable (but still metastable) structure under ambient conditions. It is interesting to note that an increase in the synthesis temperature and pressure (Fig. 5) leads to the appearance of additional peaks in the range of 20
• -40
• , which in our opinion is caused by a finer undulation of graphane sheets. Clearly, there are three different energy scales, which produce three types of faults along three orthogonal directions in this hydrocarbon structure.
The density of the proposed lattices (1.75-1.85 g cm −3 ) is noticeably higher than the experimental values (1.5-1.6 g cm −3 ). A low macroscopic density is obviously due to a large fraction of the amorphous phase and a high degree of defectiveness of the crystal lattice.
The inclusion of nitrogen in pyridine results in a significant change in the parameters b = 10.8Å and c = 16.2Å at an almost unchanged interplanar distance of 4.8Å. Such deviations as compared to pure graphanes are due to the distortion of the angles between C-N bonds.
The transmission spectra in optical and UV ranges for samples with a high degree of crystallization are shown in Fig. 7 . These spectra includes a small absorption maximum at 2.6-2.9 eV, which is obviously due to intraband absorption, that is responsible for the orange color of graphane samples. One can note that the orange color has been observed previously not only for polymerized benzene samples [18, 19, 20] , but also for other oligomers fabricated by high pressure-high temperature treatment of different polycyclic hydrocarbons [35] . Besides there is strong absorption maximum at 3.9-4.1 eV. Finally, there is a smeared absorption edge in the range of 5.1-5.4 eV, which is probably corresponds to the optical gap. The theoretically evaluated optical gap [6, 10, 11] in graphanes lies in the range of 3-4 eV and is likely underestimated. More detailed and sofisticated calculations predicted the values 4.6-5.3 eV for the optical gap [36, 37] .
The thermal stability of the samples at normal pressure was studied in the argon atmosphere. Hydrogen leaves graphane samples with the highest degree of crystallization in the narrow interval of 510-540
• C, amorphous polymers in the wider range of 420-520
• C, and pyridine-based polymers in the narrow interval of 420-460
• C (Fig. 8) . A lower thermal stability of pyridine-based polymers correlates well with their stability at high pressures. It is noteworthy that the amorphous phases previously obtained from benzene at room temperature [18, 19] have a significantly lower thermal stability of 200-400
• C, which is probably due to incomplete polymerization and a large number of weakly bound elements in the structure.
Since the samples were large enough, their elastic properties could be studied by the ultrasonic method and the microhardness was measured by the Vickers method. The polymerized benzene samples with a high degree of crystallization were primarily studied. For various samples, the bulk modulus B is in the interval of 30-37 GPa, shear modulus G lies in the range of 15-18 GPa, and the Poisson coefficient varies in the interval of 0.2-0.25. The Poisson coefficient is close to values for polycrystalline graphite, whereas the bulk and shear moduli are twice as large as the respective values for graphite. The microhardness of these samples is 1-1.5 GPa, which is also twice as large as the values for polycrystalline graphite. We note that the previous estimate B = 80 GPa obtained in [18, 19] for the bulk modulus of polymerized amorphous benzene is apparently erroneous.
Benzene and pyridine are good solvents for many metalorganic and boron organic compounds. The thermobaric treatment of such solutions can provide graphane-based structures doped with metals or boron. Fig. 9 shows the diffraction spectra for the samples obtained from benzene solutions with 3% ferrocene (C 10 H 10 Fe) and with 15% butyllithium (C 4 H 9 Li). It is seen that a partially crystallized graphane-based structure can remain at the introduction of a significant fraction of metal atoms (0.5% for Fe and 2.5% for Li). The study of the magnetic and electron transport properties of these heavily doped graphanes is now in progress.
Conclusions
To summarize, it has been demonstrated that the polymerization of benzene and its analogs simultaneously at superhigh pressures and high temperatures can provide bulk multilayer graphanes. The resulting samples are the best crystallized among all known organic polymers and are the first crystalline polymers with a quasi-two-dimensional layered structure. Bulk samples have the highest density (1.57 g cm −3 ) for all compounds with C:H=1:1 stoichiometry.
In future, the degree of crystallization of graphanes can be obviously improved by using higher pressures (10-20 GPa) and by increasing the time of thermobaric treatment from hours to days. The application of higher pressures, along with the use of other aromatic compounds (tetrahydrothiophene, pyrrole) and mixtures of aromatic substances with acetylene, will possibly allow the synthesis of three-dimensionally connected structures with a thermal stability close to graphanes [38, 39] . Doping of graphanes and other polymerized structures with metals and boron is possible through the solution of metalorganic compounds and borohydrides in the initial molecular liquids. Doped polymers can have extraordinary superconducting, magnetic, and optical properties.
Although the necessity of high pressures sharply limits the possible size of samples, our results can be suggestion for chemists that these materials, which are more energetcally favourable than benzene, can probably be synthesized by other methods, e.g., catalytic synthesis. We recall that the possibility of polymerization of ethylene was also demonstrated for the first time with the use of high pressures and the method of catalytic synthesis of polyethylene was found only two decades later. P.S. When this article was under preparation, it was reported in [40] that weakly ordered graphane-leke materials with stoichiometry close to 1:1 were obtained by the hydration of a disordered graphite nanopowder at a high pressure. The degree of ordering of the materials obtained in [40] is much lower than that in our samples. Nevertheless, the possibility of hydration of carbon materials to the necessary stoichiometry is important for a subsequent search for ways of obtaining large volumes of graphanes.
